Abstract Alloy-type Sn-Pt/C electrocatalysts with Pt/ Sn = 1.8-3.0 ratios and exclusive Sn-Pt interaction have been prepared by means of controlled surface reactions (CSRs). As demonstrated by XRD, the incorporation of Sn onto Pt/C was achieved satisfactorily yielding a near-stoichiometric fcc Pt 3 Sn alloy phase along with a certain amount of the Pt (1 -x) Sn x solid solution. The content and dispersion of the fcc Pt 3 Sn phase within the electrocatalysts can be controlled by tuning the reaction conditions of CSRs. No evidence of the presence of SnO 2 phases in the Sn-modified Pt/C samples was found by means of the XRD and EDS analysis. According to in situ XPS studies, the pre-treatment in hydrogen at 350°C resulted in complete reduction of tin to Sn 0 . These results demonstrate that the method of CSRs is a powerful tool to create of Pt-Sn bimetallic nanoparticles exclusively, without tin introduction onto the carbon support. The performance of the intermetallic SnPt/C catalysts in the CO and methanol electrooxidation reactions depends on the actual composition of the exposed surface and the size of bimetallic particles. In the consecutive tin introduction the decrease of the amount of SnEt 4 precursor added per period, accompanied with an increase of the number of anchoring periods, resulted in an increase of the activity in both electrooxidation reactions as a consequence of an optimal balance of Pt/C ratio, the content of fcc Pt 3 Sn phase and metal particle size. It was demonstrated that the increasing tin content above a certain (optimal) amount gives rise to a negative effect on the catalyst performance in the CO and methanol electrooxidation.
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Introduction
According to generally accepted pathways, CO is supposed to be among the intermediates of electrooxidation of different alcohols. Therefore, high tolerance to CO is one of the criteria for the preparation of efficient alcohol electrooxidation catalysts. Platinum is commonly used as anode catalyst in direct alcohol fuel cells. However, pure Pt is not the most efficient anodic catalyst, being rapidly poisoned by strongly adsorbed species [1, 2] . To enhance the electrooxidation ability of Pt/C, i.e., to shift the onset potential for the electrooxidation of CO and C 1 -C 2 alcohols to less positive values, they are usually modified with oxophilic metals such as Ru, Mo, Ni or Sn [2] [3] [4] [5] [6] [7] [8] . Among them, Sn-modified Pt/C electrocatalysts are recognized as the most active electrodes [9, 10] .
SnPt/C electrocatalysts can be prepared by means of versatile techniques. Most synthetic routes lead to solids with a wide range of phases such as Pt, either reduced or oxide, Sn oxides and Pt-Sn alloys or Pt (1 -x) Sn x solid solutions with different stoichiometry [1, 10, 11] . It has been demonstrated [11] that Pt-Sn alloys are one of the most active bimetallic systems. There is also a widespread consensus that the Pt 3 Sn phase is the most active one in electrooxidation of CO [9, 11, 12] . In analyzing various reports, it seems that production of Pt 3 Sn alloy as a pure and exclusive phase rarely occurs and its presence strongly depends on the synthetic procedure [1, 2, 13] .
SnPt/C catalysts are usually prepared by impregnation [8] and water-in-oil microemulsion methods [14] [15] [16] followed by high-temperature treatment. The main disadvantage of these methods is the quite unlikely formation of bimetallic particles. In the preparation of the desired welldispersed Pt 3 Sn intermetallic phase by the impregnationreduction approach, the importance of the elimination of chloride ions prior to any thermal treatments was emphasized in Refs. [10, 17] .
The preparation of Sn-modified Pt/C catalysts using the well-known ''Bönnemann'' method has been studied extensively [18, 19] . Depending on the reaction conditions, the mixture of Pt 0.81 Sn 0. 19 and hcp PtSn alloy phases [20] or fully non-alloyed Pt/SnO 2 nanoparticles [13] can be obtained.
The polyol synthesis has recently been extended to produce SnPt/C catalysts [21] [22] [23] . The presence of tin in different forms (Pt-Sn alloys versus fully non-alloyed Pt/ SnO x particles) has been achieved by modified polyol methods [24] [25] [26] . Low activities of the polyol type catalysts in the ethanol oxidation reaction [27] have been ascribed to the low degree of Pt-Sn alloy formation. Highly dispersed and partially alloyed SnPt/C catalysts can also be prepared by a microwave-assisted polyol process [28] and the borohydride reduction method [29] . The best performance in direct methanol fuel cells was obtained using the Pt 3 Sn/C alloy catalysts prepared by the treatment with formic acid [1, 30] because of an optimal balance of Sn content, degree of alloying and metal particle size [31] .
Upon using the polymeric precursor method (PPM) [32] , the absence of metallic Sn and the presence of pure fcc Pt and the SnO 2 phases in SnPt/C catalysts has been demonstrated in Ref. [33] . However, the formation of Pt 3 Sn alloy phase was recently achieved by a modified PPM [34] . Controlled formation of Pt-Sn alloy nanoparticles with cubic and hexagonal structure can be done by the ''heating up'' method [35] .
Exclusive formation of supported Pt-Sn alloy phases with different Pt/Sn ratios can also be achieved by using anchoring type controlled surface reactions (CSRs) between hydrogen adsorbed on Pt sites and tetraalkyl tin compounds (SnR 4 ) [36] [37] [38] . The surface chemistry involved can be written as follows [36] :
The use of the above two step approach gives a definite guaranty for the exclusive introduction of tin onto platinum, i.e. for the suppression of Sn-support interaction. In the frame of our previous studies, the modes and ways to increase the amount of tin introduced directly onto the parent metal have been established [36, 39] . The use of extremely high concentration of SnR 4 should be avoided as it results in a concentration gradient of the anchored modifier. It has been demonstrated that the use of the consecutive reactions can decrease the inhomogeneity of the modifier over the metal particles [40] .
In our recent studies [9, 41] , upon use of CSRs a series of SnPt/C catalysts highly active in CO and C 1 -C 2 alcohols electrooxidation reactions have been prepared. Upon using reaction temperature T r = 70-120°C, different number of consecutive tin anchoring periods and atmospheric H 2 pressure SnPt/C catalysts with relatively low tin content (Pt/Sn [3) was obtained [9] . This synthetic route results in the exclusive incorporation of Sn onto the Pt sites. A clear correlation between Pt 3 Sn content and the electrocatalytic performance has also been established. The decrease of E CO,onset from 620 to 210 mV and E EtOH,onset from 310 to 100 mV has been observed on the Pt/C and SnPt/C catalysts (Pt/Sn = 4), respectively.
In our recent study [41] , reaction conditions of CSRs have been tuned (T r = 170°C, p H2 = 5 bar) in order to achieve a higher loading of Sn over Pt/C catalyst (Pt/ Sn = 0.8 and 1.7) within significantly shorter reaction time. It has been proved [41] that the performance of Pt 3 Sn (fcc) phase is superior to that of the PtSn (hcp) phase for both CO and methanol oxidation reactions (MOR).
It is necessary to mention that tetra-n-butyltin has also been applied to prepare SnPt/C catalysts for fuel cell application [42] ; however, in that study no attempt was done to control the exclusive formation of bimetallic entities.
This work describes a modification of the CSRs for the preparation of alloy-type SnPt/C electrocatalysts with the desired Pt/Sn = 3 ratio and homogeneous tin distribution over the Pt nanoparticles. Efforts were made to adjust synthesis parameters with the aim to get carbon supported fcc Pt 3 Sn alloy phase in high extent (or even exclusively). As CO is supposed to be an intermediate in methanol electrooxidation, the Pt 3 Sn alloy might facilitate methanol electrooxidation reaction as well. The goal was to study the influence of experimental conditions, mainly the initial concentration of SnEt 4 and the number of the consecutive tin anchoring periods, on (i) the actual composition of formed bimetallic phases, (ii) chemical state of Sn and Pt, and (iii) presence or absence of both unmodified Pt and SnO x phases. The performance of these catalysts has been evaluated in both electrooxidation reactions.
2 Experimental Section 2.1 Synthesis of Sn Modified Pt/C Catalysts 40 wt% commercial Pt/C catalysts (Quintech) were modified with tetraethyltin (SnEt 4 ) in order to obtain SnPt/C catalysts with Pt/Sn = 1.8-3.0 ratios. The SnEt 4 and solvents (n-decane and n-hexane) were used as received (Sigma-Aldrich).
A 40 ml stainless steel autoclave with Pyrex glass lining was used. 200 mg of the Pt/C catalyst was suspended in 10 ml n-decane. The autoclave was purged with H 2 for 10 min and then the hydrogen pressure was set up to 5 bars. The reactor was immersed in an oil bath and heated up to 170°C. Then under vigorous stirring the tin anchoring step I (see reaction 1) was started by an addition of the first amount of SnEt 4 dissolved in n-decane. For this purpose, the requested amount of SnEt 4 (needed for the preparation of SnPt/C catalysts with desired Pt/Sn ratio) was divided into several uniform portions and introduced into the reactor after equal periods of time. The duration of one anchoring period was 1 h. After 1 h the next portion of the appropriate n-decane solution of SnEt 4 was added. Preparation details and chemical composition of catalysts are listed in Table 1 . Denomination of the different SnPt/C samples indicates main parameters of the synthesis. Accordingly, the first number shows the tin content in weight percent, whereas the Roman numbers reflect the number of tin anchoring periods. Sample A and B differ from each other in the initial [SnEt 4 ] concentration added per one tin anchoring period.
After the modification procedure, the catalyst was separated by centrifugation and carefully washed twice with 20 ml n-decane and three times with 20 ml n-hexane. The catalyst was dried in air at 60°C for 1 h.
Before and after the modification procedure the [SnEt 4 ] concentration in n-decane was analyzed using the m Sn-C stretching band at 507 cm -1 (spectrum not shown) by a Nicolet Avatar 320 FT-IR spectrometer [41] . The tin content and Pt/Sn ratios presented in Table 1 were calculated from these results.
After the surface modification, the catalysts were treated in H 2 atmosphere by temperature programmed reduction (TPR) technique (step II) using the following experimental parameters: heating interval = 25-350°C, heating rate = 5°C/ min, and H 2 flow rate = 30 ml/min. In some cases, the final temperature of H 2 pre-treatment (T red ) was 250 or 400°C (details see in Table 2 ). Catalysts were kept at the final temperature for 2 h and then the furnace was cooled down in flowing H 2 to 50°C. The atmosphere was changed to nitrogen and the system was cooled down to room temperature under flowing nitrogen.
In order to make sure that the tetraethyltin compound does not react with the bare carbon support, a blank experiment was done. The experiment performed at T r = 170°C and P H2 = 5 bar with 0.03 M [SnEt 4 ] solution in n-decane shows that no reaction occurred between the organotin compound and the carbon support. The tin content was analyzed by ICP-OES. Good agreement between the tin content calculated by FT-IR spectroscopy and the amount of tin determined by ICP-OES was observed.
Physicochemical Characterization
X-ray powder diffraction (XRD) patterns were obtained in a Philips model PW 3710 based PW 1050 BraggBrentano parafocusing goniometer using CuK a radiation (k =0.15418 nm), graphite monochromator and proportional counter. Silicon powder (NIST SRM 640) was used as an internal standard and the scans were evaluated with profile fitting methods. The cell parameters of the crystalline phases were determined from the fitted d-values. Crystallite sizes were calculated from reflection line broadening using the Scherrer equation. Transmission Electron Microscopy (TEM) studies of the samples were made by use of a FEI Morgagni 268D type transmission electron microscope (accelerating voltage 100 kV, W-filament). The samples were prepared by grinding and dispersing of the resulted powder in ethanol using an ultrasonic bath. TEM image of the blank Pt/C sample was also included. The blank Pt/C sample underwent the same preparation procedure as the bimetallic catalysts, but the solution of n-decane introduced contained no SnEt 4 . This way the influence of the preparation procedure on the dispersion of the metallic particles of the parent Pt/C catalyst was studied. The average diameter was calculated by measuring the diameters of no less than 700 randomly selected metal particles from the non-aggregated areas in at least three micrographs of each sample. Energy Dispersive X-ray Spectrometer (EDS) analysis was performed in an INCA (Oxford Instruments Ltd.) detector and an INCAEnergy software package. EDS analysis of individual particles was possible by using ZEISS EVO 40XVP Scanning Electron Microscope (accelerating voltage 20 kV, W-filament).
X-ray photoelectron spectroscopy (XPS) measurements were carried out using an EA125 electron spectrometer manufactured by OMICRON Nanotechnology GmbH (Germany). The photoelectrons were excited by MgKa (1,253.6 eV) radiation. Spectra were recorded in the constant analyser energy mode of the energy analyser with 30 eV pass energy resulting in a spectral resolution of 1 eV.
For XPS experiments, two samples (8.3SnPt/C-III-A and 8.3SnPt/C-IV) in the form of fine powder were suspended in hexane. Drops of this suspension were placed on standard OMICRON sample plates; after evaporation of hexane catalyst, coatings with sufficient adhesion and electric conductivity were obtained. First, both samples were analyzed in their ''as received'' state. Next, 8.3SnPt/ C-III-A sample was also investigated after reduction in the high pressure cell of the spectrometer in 500 mbar H 2 at 350°C for 2 h (H 2 treated samples). In addition, this sample was also investigated after deliberate exposure to ambient air for a day (re-oxidized sample).
To this end, C 1s, O 1s, Pt 4f and Sn 3d core levels were analyzed; the most intense component of the C 1s envelope was set at 284.5 eV (graphite) and used as internal reference. Data were processed using the CasaXPS software package [43] by fitting the spectra with GaussianLorentzian product peaks after removing a Shirley or linear background. Nominal surface compositions were calculated using the XPS MultiQuant software package [44, 45] , with the assumption of homogeneous depth distribution for all components. Chemical states were identified by XPS databases [46, 47] .
Electrochemical Characterization
The bimetallic samples were investigated in detail: both MOR and CO ad stripping have been measured. The working electrode was a glassy carbon electrode (d = 0.3 cm, A = 0.0707 cm 2 ) that supported the catalyst. 1.3 ll from a suspension consisting of 5 mg of the catalysts, 0.500 ml of ethylene glycol, 0.2 ml of isopropanol and 30 ll Nafion has been dropped over the electrode surface and dried for 30 min. Ag/AgCl and Pt were used as reference and counter electrodes, respectively. The electrolyte applied was 0.5 M H 2 SO 4 . Cyclic voltammetry was used to clean and activate the catalysts. 100 cycles were performed at 1,000 mV s -1 between -0.05 and 1.65 V (vs. NHE).
Electrochemical oxidation of methanol has been studied by means of cyclic voltammetry. The working electrode as well as the reference and counter electrodes were identical as described previously. The electrolyte contained 0.5 M H 2 SO 4 and 1 M methanol. Cyclic voltammetry was done at 10 mV s -1 between 0.05 and 1.0 V (vs. NHE). The amount of adsorbed CO (CO ad ) over the catalysts has been measured by CO stripping voltammetry in 0.5 M H 2 SO 4 . Gaseous CO was fed into the cell for 30 min while maintaining a constant voltage of 0.02 V (vs. NHE). After CO removal (nitrogen purge for 30 min), the working electrode was subjected to a cyclic voltammetry step at a 10 mV s -1 scan rate between 0.05 and 1.3 V (vs. NHE), and three consecutive cycles were recorded.
In situ electrochemical infrared reflection-adsorption spectroscopy (EC-IRAS) studies of the methanol and carbon monoxide oxidation reactions were performed with a NICOLET 6700 FT-IR spectrometer equipped with a MCT detector and fitted with a PIKE Technologies VeeMAX II spectroscopic accessory. A poly (methyl methacrylate) (PMMA) cell with a CaF 2 prism bevelled at 608 at its bottom was used. FTIR spectra were acquired from the average of 64 interferograms, obtained with 4 cm -1 resolution at selected potential, by applying single potential steps from a reference potential (E 0 ) in the positive direction up to 0.8 V. The reflectance ratio R/R 0 was calculated, where R and R 0 are the reflectance measured at the sample and the reference potential, respectively. The reference potential R 0 was recorded at 0.05 V. Electrochemical control was carried out using an Autolab PGstat 302 N.
Results and Discussion

Preparation of Sn-Pt/C Electrocatalysts
Experimental results related to tin anchoring onto the parent Pt/C catalyst are summarized in Table 1 . It is known from our earlier studies [36, 37, 48] that upon using long reaction time, high reaction temperature and [SnEt 4 ] concentration the possibility of undesired reactions involving the anchoring groups of the support and the tin precursor compound can not be totally excluded. For this reason, upon preparation of the catalysts with high tin content the key experimental variables (see Table 1 ) are as follows: (i) the number of consecutive tin anchoring periods and (ii) the amount of SnEt 4 introduced per one period.
As can be seen in Table 1 , catalysts with the desired Pt/ Sn ratio of ca. 3 were prepared upon using either low [SnEt 4 ] concentration connected with elevated number of tin anchoring periods (line 1 in Table 1 Table 1 ) was obtained.
In our previous study it has also been demonstrated [9] that upon using T r = 70-120°C and atmospheric H 2 pressure during step I almost complete hydrogenolysis (*96 %) of anchored -SnR (4 -x) surface species can be achieved. The maximum of very small TPR ethane peak (step II) was at around 140°C [9] . Based on this observation it can be proposed that in this work upon using extreme reaction conditions (T r = 170°C, p H2 = 5 bar) the complete cleavage of the Sn-C r-bonds and formation of ''naked'' tin (x = 4) over platinum during step I can be guaranteed. This form of tin can exist as ad-atoms and/or migrate into the bulk of Pt and form alloy-type species. The conditions of high-temperature H 2 pre-treatment are summarized in Table 2 .
It has also been known that catalysts supported on functionalized carbon could not tolerate high thermal treatment due to the instability of surface oxygen groups of the support, which act as primary anchoring centres for metal precursors, facilitating high dispersion of the metal phase [49] [50] [51] [52] [53] .
In the present study, in order to increase the content of the desired fcc Pt 3 Sn phase and to minimize the sintering of the metal nanoparticles, an attempt was made to optimize the final temperature of H 2 pre-treatment (T red ) used in TPR experiments (step II).
The influence of T red on the type of Sn-Pt alloys was demonstrated in Ref. [54] . It was shown that reduction of unsupported PtSn powder with a nominal Pt/Sn = 3 ratio at 200°C resulted in the formation of alloy phases with different tin content: Sn-rich alloy with surface character, and bulk Pt-rich alloy phase. Exclusive formation of Pt 3 Sn alloy was observed only after reduction at 400°C.
Based on these observations, the final reduction temperature used in step II was T red = 250, 350 or 400°C (details see in Table 2 ).
Physicochemical Characterization of Sn-Pt/C Electrocatalysts
The results of different preparation procedures can be successfully characterized by XRD study. According to the XRD results, the preparation condition favoring the
formation of the desired fcc Pt 3 Sn phase can be chosen. In this way the preparation of SnPt/C catalysts can be controlled. Typical X-ray diffraction pattern of Sn-Pt/C catalyst is shown in Fig. 1 . Figure 2a-d shows the influence of the preparation conditions on the position of the most intense line reflections ascribed to fcc Pt and different Pt-Sn alloy phases formed (fcc Pt 1 -x Sn x , Pt 3 Sn and hcp PtSn).
The lattice parameter usually reported for fcc Pt is 3.917 Å [55] . Since the atomic radius of Sn is larger than that of Pt, an expansion of the unit cell according to Vegard's law should be expected. It is well known that upon formation of the PtSn solid solutions the incorporation of tin into the fcc structure of platinum results in shift of the peaks to lower 2h values. As evidenced from the XRD patterns depicted in Fig. 2 , upon tin incorporation not only peaks shifted to lower 2h values [compared to 2h values for the fcc structure of Pt (see Fig. 2a )], but a second set of peaks characteristic of the presence of a near-stoichiometric fcc Pt 3 Sn phase (denoted as fcc Pt 3 Sn in Table 2 ) appears. Furthermore, as illustrated in Fig. 1 , in Sn-modified samples characteristic superlattice reflections ascribed to the Pt 3 Sn phase are also observed. The lattice parameter derived from the reflections of fcc Pt 3 Sn phase could reflect the presence of a certain amount of the Pt-rich solid solution (denoted as fcc Pt 1 -x Sn x in Table 2 ). The calculation of the lattice parameters can get an answer about tin and platinum atomic composition characteristic of the Pt-Sn alloy phases.
The XRD patterns of the samples with Pt/Sn ratio between 2.7 and 3.0 (see Table 2 ; Fig. 2a, b, d ) reveal that Pt 1 -x Sn x and a near-stoichiometric fcc Pt 3 Sn are the only crystalline phases. In two samples with higher tin content (11.0SnPt/C-IV and 13.8SnPt/C-V), reflections assigned to the presence of small amount of hcp PtSn phase (see Table 2 ; Fig. 2c ) were also observed. Reflections be assigned to Sn oxides were not found.
A careful deconvolution of XRD peaks allows calculation of the parameters of the Pt-rich (Pt 1 -x Sn x ) and the Sn-rich phase (Pt 3 Sn) lattices. The calculated values ranging between that of Pt (3.917 Ǻ ) and the pure intermetallic fcc Pt 3 Sn phase (4.0015 Ǻ ) are summarized in Table 2 . It can be seen that the lattice parameter of the Snmodified samples is larger than that of Pt/C. This applies to both Pt 3 Sn and Pt 1 -x Sn x phases and it is in good agreement with the incorporation of Sn into the Pt lattice. Relative abundance of Pt 1 -x Sn x and Pt 3 Sn phases for all samples is also presented in Table 2 .
For the catalysts with the desired Pt/Sn = 3.0 ratio and reduced in H 2 at 350°C, the lattice parameter of the Snrich phase was a = 3.975 Å . As presented in Table 2 , in these samples the crystalline phase consists of about 75 % Pt 3 Sn and 25 % PtSn solid solution. Contrary to that, upon reduction of the catalyst with the same tin content (8.3SnPt/C-III-A) in H 2 at higher temperature (400°C), a near-stoichiometric fcc Pt 3 Sn phase with lattice parameter a = 3.99 Å and relative abundance 85 % can be prepared. However, treatment at 400°C leads to an increase of the crystallite size (see Table 2 ). The influence of the T red of 8.3SnPt/C samples on the X-ray diffraction pattern is demonstrated in Fig. 2b .
The increase of the lattice parameter for a near-stoichiometric Pt 3 Sn phase up to a = 3.99 Å (see Table 2 ) was observed for the catalysts with higher tin content (Pt/Sn B2.7). However, use of four and five consecutive tin anchoring periods results in the increase of the reaction time of step I and, as a consequence, in pronounced increase of the average crystallite size of the Sn-rich phase (see Table 2 ; Fig. 2c) .
Deconvolution of XRD peaks also allows calculation of the lattice parameters of the Pt-rich phase (Pt 1 -x Sn x ). As shown in Table 2 , the lattice parameter for this phase is between 3.933 and 3.945 Å . The first value is close to lattice parameter of the Pt 90 Sn 10 phase (whose lattice parameter is a = 3.934 Å [56] ). It can be proposed that higher values correspond to the PtSn solid solutions with higher Sn content in the Pt sublattice (10 \ Sn \ 25 at.%). Relative abundance of Pt-rich phase varied from 15 to 35 %. As can be seen in Table 2 , the dispersion of Pt-rich phase usually was slightly higher (or equal) than that of Snrich phase.
The influence of the T red on the content of crystalline phases was also included in Table 2 . The XRD patterns (Fig. 2d) were recorded after H 2 pre-treatment of the 9.1SnPt/C-III sample at 250 and 350°C. Moreover, the XRD analysis was also performed on this sample without additional high-temperature treatment (after the surface modification (step I) and before step II). As shown in Table 2 , different pre-treatments have no influence on the lattice parameter values calculated for both crystalline phases. According to the phase analysis (see Table 2 ), after treatment at 250 and 350°C relative abundance of Pt 3 Sn phase was slightly higher on sample treated at 350°C (80 vs. 75 %). Nevertheless, the predominance of the Pt 1 -x Sn x phase (75 %) could be evidenced in the sample analyzed after step I (Fig. 2d) . As emerges from the XRD results, the increase of the average crystallite size of both Pt-Sn phases starts after the increase of the T red from 250 up to 350°C.
TEM images of the blank Pt/C and Sn-modified samples along with the corresponding histograms displaying particle size distribution are depicted in Figs. 3 and 4 . The TEM micrographs show the presence of spherical metallic particles supported on carbon particles. The mean size observed for Pt/C (see Fig. 3a ) is 4.1 ± 1.6 nm. It is known that incorporation of tin results in an increase of the size of bimetallic particles. For the 8.3SnPt/C-IV sample with the desired Pt/Sn = 2.9 ratio (Fig. 3b) , only small increase of the mean particle sizes was observed (5.0 ± 1.9 nm). From the low magnification micrographs a good dispersion of the metal particles on the carbon support in this sample is deduced. As emerges from the results, there are certain discrepancies between the average crystallite size determined from XRD scans and the main particle size calculated from the histograms derived from TEM pictures. The former exceeds always the latter one.
Actually, XRD, accounting for the long range periodicity in crystallites, is not sensitive to small particles (B2.5 nm). As a consequence, in X-ray diffraction patterns information originated from the larger crystallites dominates over that from the smaller one, leading to an apparent shift to the presence of larger crystallites.
As shown in Table 2 , upon increasing both the T red (up to 400°C) and the [SnEt 4 ] concentration ([SnEt 4 ] = 0.034 M), an increase of the Pt 3 Sn phase lattice parameter and average particle size was observed. These data are in accordance with TEM results (Figs. 3c, 4a) . Mean particle sizes are 7.0 ± 5.1 and 10.6 ± 8.2 nm for 8.3SnPt/C-III-A and 9.1SnPt/C-III samples, respectively.
The influence of the T red at 350 and 250°C on the particle size was also demonstrated by TEM studies (Fig. 4a-b) . As shown in Fig. 4b , the treatment in H 2 at 250°C results in rather small particles with narrow size distribution (5.5 ± 2.1 nm). Taking into account that relative abundance of Pt 3 Sn phase in both samples is quite similar, the use of the T red = 250°C in step II can be recommended.
EDS analysis (images not shown) of different regions of the samples reveals that mean atomic Pt/Sn ratios were 2.86, 3.13 and 2.54, respectively, for 8.3SnPt/C-IV, 8 .3SnPt/C-III-A and 9.1SnPt/C-III samples treated in H 2 at 350°C. These data are in a good agreement with the Pt/Sn ratios presented for these catalysts in Table 1 . Reduction of 9.1SnPt/C-III sample at 250°C resulted in a slightly lower value of Pt/Sn = 2.44. These results correlate with our earlier studies [38, 39] , which demonstrate that complete reduction of SnO x phase can be reached at T red C 300°C. Standard deviation of the composition analyses was ca. 2-3 %, which means that relative abundance of Pt and Sn is homogeneous through the analyzed regions of the samples. The atomic composition of individual particles was also analyzed by EDS. These results show that compositional difference between big and small particles is not detectable. Furthermore, no evidence of Sn segregation was found. In line with XRD results, no SnO 2 phases in the Sn-modified Pt/C samples were found by means of the EDS analysis.
The surface composition of catalysts was studied by XPS. Figure 5 shows Sn 3d core level spectra of 8.3SnPt/C-III-A sample after different pre-treatments. Relevant compositional and chemical state data are presented in Table 3 .
It is necessary to mention that samples were used in electrochemical tests in the ''as received'' form, so the characterization results of this state may be more relevant for the electrochemical properties. However, the study of the reduced form reflects the real structure of the catalysts prepared by CSRs. As was mentioned above, all tin anchored onto the platinum is expected to be in Sn 0 state. As far as Pt-Sn alloy phases are easily oxidized [38] , the contact of samples with air upon storage results in oxidation of some part of tin.
''As received'' reference Pt/C sample contains only carbon, oxygen and Pt. The Pt 4f 7/2 binding energy of 71.5 eV corresponds well to the literature data on Pt 0 . Nevertheless, the Pt 4f envelope is somewhat broad, which is either due to a small oxidized Pt component shifted towards higher binding energies from the metallic signal or due to the presence of very small nanoparticles, which is known to broaden the core level spectrum. Nonetheless, the oxygen content of the sample seems to be connected to carbon.
The 8.3SnPt/C-III-A sample contains Pt in essentially the same form as the reference Pt/C sample, as judged from the shape and position of the Pt 4f envelope. As seen from Fig. 5 , the Sn 3d core level structures contain two strongly overlapping doublets, which can be separated by peak fitting. The more intense doublet with its 3d 5/2 peak at 486.7 eV can be assigned to SnO 2 . The other doublet with the 3d 5/2 peak at 485.8 eV is very probably due to Sn 0 , although this binding energy is somewhat high for bulk metallic Sn (484.6-485.2 eV for Sn 3d 5/2 [46] ) and may also correspond to SnO. The O 1s signal from the ''as received'' sample contains two contributions, one from SnO 2 and another from carbon-bonded oxygen species. The surface Pt/Sn atomic ratio 1.67 calculated from XPS spectrum is much lower in the ''as received'' state than the bulk Pt/Sn atomic ratios calculated from the material Table 1 ), indicating the enrichment of Sn-oxide on the surface of the metallic particles and/or its presence also over the carbon support.
The behavior of the Sn 3d and O 1s core levels upon reduction (essentially unchanged BE for the Sn 0 component accompanied by almost complete disappearance of oxygen) very strongly suggests that even the ''as received'' sample contains Sn in metallic state. The shift of the metallic Sn 3d signal towards higher binding energies can then be attributed to either size effects (as in small nanoparticles core levels tending to shift towards higher binding energies) or formation of Sn-Pt alloy phases. Reduction effectively removes all SnO 2 related spectral features (see Fig. 5 ), while the Pt 4f core levels also become narrower, which might be attributed to reduction of PtO 2 or narrowing particle size. It is necessary to mention that SnO x can be reduced to Sn 0 only in atomic contact with Pt [38, 39, 48] . Consequently, the obtained results demonstrate the effectiveness of CSRs in the exclusive formation of Sn-Pt bimetallic nanoparticles along with suppression of tin-support interaction.
As a result of treatment in H 2 , atomic ratios of O/C and Sn/ C decreased (see Table 3 ). The decrease of the Sn/C atomic ratio could be the consequence of the diffusion of metallic Sn over the metal particles into Pt or Sn-Pt alloy phase. The diffusion of tin would involve the increase of the Pt/C ratio. Indeed, upon reduction in H 2 at 350°C, Pt/C atomic ratio increased (see Table 3 ). The surface Pt/Sn atomic ratio (Pt/ Sn = 3.0) became similar to the bulk ratio (see Table 1 ).
A one day air exposure of the sample results in the partial restoration of the SnO 2 content as evidenced by the Sn 3d and O 1s core levels (see Table 3 ; Fig. 5 ). Nevertheless, the Sn 0 content remains higher than that in the ''as received'' sample. In our previous study, the enrichment of tin in the surface layers of the alloy-type Sn-Pt catalysts has been evidenced [38] . In the presence of O 2 and H 2 the reversible interconversion of PtSn $ Sn 4? ? Pt can easily proceed even at room temperature and the surface character of the involved species was proposed. The same chemical states as in ''as received'' 8.3SnPt/ C-III-A sample were observed in 8.3SnPt/C-IV, while the proportion of metallic Sn was higher. As seen from data presented in Table 3 , the proportion between Sn 0 and Sn 4? obtained over 8.3SnPt/C-IV and 8.3SnPt/C-III-A after one day air exposure (re-oxidized sample) is quite similar. However, taking into account that Sn-Pt alloy phases are easily oxidized, the observed difference can also be assigned to the prolongation of the contact of samples with air (or air storage conditions).
Electrooxidation of Methanol and CO
CO oxidation on the Sn-modified Pt/C samples was evaluated by means of the CO-stripping technique. The voltammograms for the CO ad oxidation on the parent Pt/C and the SnPt/C electrocatalysts are shown in Fig. 6a -c. The hydrogen oxidation peaks, usually appearing in the voltammograms of Pt-based catalyst between 0.0 \ E \ 0.4 V, are not observed in the forward scan of voltammograms shown in Fig. 6 . This feature is indicative of the full blocking of the catalysts surface due to the formation of Pt-CO ad . Once CO ad becomes oxidized (see the positive currents in the voltammograms), the peaks corresponding to formation of adsorbed hydrogen are clearly visible in the voltammograms, indicating the complete oxidation of CO ad . In our previous [9] and other [11] studies, the importance of the Pt 3 Sn phase in the CO electrooxidation reaction was highlighted. It should be stated that on Pt 3 Sn surfaces CO is adsorbed on the Pt sites rather than on Sn ones [57] . Remarkably, upon addition of tin the onset potential of CO oxidation has been shifted by 500 mV to less positive potentials, which indicates a significant improvement in the CO oxidation ability of the Sn-modified samples in comparison to the Pt/C catalyst (see Fig. 6a ). Also, the shape of the oxidation peaks is rather 532.6 -OH, CO x different; CO ad oxidation on Sn-modified Pt/C produces a broad peak from ca. 200 to 800 mV, whereas a rather well defined peak is recorded for the CO ad electrooxidation on Pt/C. It is well documented that CO oxidation on SnPt/C catalysts obeys a truly bifunctional mechanism in which CO is adsorbed on Pt, whereas Sn sites nucleate OH ad species at less positive potentials than Pt [58, 59] . It should be recalled that CO electrooxidation on Pt-based electrodes takes place in the presence of OH ad species which become nucleated on Pt/C in acid medium at E [ 0.6 V, but they are available on the surface of Sn-containing electrodes at potentials as low as 100 mV.
As shown in Fig. 6b , at low potentials the current density increases upon increasing of the number of consecutive anchoring periods. Obviously, application of more anchoring periods also means that the desired amount of SnEt 4 has to be added in smaller concentration per one period. The most active catalyst (8.3SnPt/C-IV) was prepared using the lowest [SnEt 4 ] concentration in this series of experiments and four consecutive tin anchoring periods (line 1 in Table 1 ). Two other catalysts with desired Pt/ Sn = 3 were pre-treated in H 2 at various temperatures (350 vs. 400°C). The current density of 8.3SnPt/C-III-B was higher than that recorded with the sample having the highest fcc Pt 3 Sn content (8.3SnPt/C-III-A). The increased particle size observed on 8.3SnPt/C-III-A sample after reduction at 400°C (Table 2 ; Fig. 3b ) can be a reason of its lower activity in the CO ad oxidation. These results demonstrate the importance to find an optimum for the T red applied in step II. While, according to our previous results, Pt 3 Sn alloy is advantageous, the higher particles size may lead to smaller activity in electrooxidation reaction. Consequently, these two phenomena might have an opposite effect on the electrocatalytic activity. According to Fig. 6c , the decrease of the current density was observed upon an increase of the tin content compared to desired Pt/Sn = 3.
Nonetheless, a strong promotion of the CO oxidation process is observed on all prepared catalysts when compared to Pt/C. This result is in good agreement with previous discussion in the sense that CO oxidation on SnPt/C samples is promoted due to the formation of Sn-OH ad species.
The voltammograms of methanol electrooxidation on all studied Sn-modified Pt/C catalysts are presented in Fig. 7a-b. Figure 7a shows that for the preparation of SnPt/C electrocatalysts with desired Pt/Sn = 3 ratio, the use of low [SnEt 4 ] concentration and four consecutive tin anchoring periods can be recommended.
As emerges from Fig. 7b , the performance of the catalyst is negatively influenced by increasing the Sn content in the catalyst and in the alloy. Based on this result it can be concluded that the performance of fcc Pt 3 Sn phase is superior to that of the hcp PtSn phase for both CO and methanol oxidation reactions in terms of current density. According to the most accepted mechanism for the methanol electrooxidation reaction, three neighboring Pt sites are necessary for methanol adsorption-dehydrogenation reaction and the possibility to find such Pt ensembles decreases with decreasing the Pt/Sn ratio. The performance of Pt/C and 8.3SnPt/C-IV for the electrooxidation of CO ad and methanol has been evaluated by electrochemical techniques along with in situ techniques such as EC-IRAS. Representative FTIR spectra (not shown) of the oxidation of CO ad with Pt/C and 8.3SnPt/ C-IV were collected at 50 mV intervals in 0.1 M HClO 4 . Both sets of spectra show a band at 2,343 cm -1 indicative of the formation of CO 2 . Also, the bands at 2,057 and 2,065 cm -1 are observed in the spectra of Pt/C and 8.3SnPt/C-IV, respectively, and ascribed to linearly bounded CO on Pt sites. As deduced from the spectra, the onset of CO ad oxidation, i.e. the appearance of the CO 2 band, shifts to lower potentials in the Sn-modified electrode (200 mV) as compared to that in Pt/C (350 mV), in good agreement with the voltammetry results. These values are in line with previous reports for CO ad electrooxidation on Pt/C and SnPt/C catalysts [41] and confirm that Sn is a good promoter for the oxidation of CO ad on Pt-based catalysts. The FTIR spectra recorded during the electrooxidation of methanol in 0.1 M HClO 4 are shown in Fig. 8 . In line with previous results, methanol is efficiently oxidized to CO 2 on both electrocatalysts, as deduced from the observation of a band at 2,343 cm -1 ascribed to the formation of CO 2 band. However, the actual performance of the electrocatalysts is noticeably different. For instance, the onset for CO 2 production is 250 mV on 8.3SnPt/C-IV, but it shifts by 100 mV to higher potentials on Pt/C. Not only does 8.3SnPt/C-IV promote the complete oxidation of methanol at lower potentials than Pt/C. More importantly, a careful inspection of the spectra reveals that the actual reaction pathway is different in both catalysts. Thus, a band at 2,054 cm -1 is clearly observed in the set of spectra recorded during methanol oxidation on Pt/C. This band, which can be observed in the spectra recorded at potentials as low as 150 mV, is indicative of the formation of CO ad species during the oxidation of methanol, probably resulting from the dehydrogenative adsorption of methanol on Pt sites. The formation of CO ad species on 8.3SnPt/C-IV can be also appreciated in the spectra shown in Fig. 8 . However, the intensity of the band is significantly lower than that on the Pt/C electrocatalyst, indicating that the formation of CO ad is suppressed in the Sn-modified catalysts. This observation also indicates that the direct oxidation pathway is the favored pathway in the Sn-containing catalysts. This observation can be rationalized by taking into account that ensembles of at least three vicinal Pt atoms are necessary for CO formation during methanol oxidation, as clearly shown by Cuesta [60] . It appears that the diluting effect of Sn in the Pt network results in a lower number of ensembles containing tree contiguous Pt atoms and hence leads to a lower formation of CO and, as a consequence, to a promotion of the non-CO pathway for the oxidation on methanol.
Conclusions
Optimum experimental conditions were found for the controlled synthesis of SnPt/C electrocatalysts with Pt/ Sn = 1.8-3.0 ratios and exclusive Sn-Pt interaction. As demonstrated by XRD, the incorporation of Sn onto Pt/C was achieved satisfactorily, yielding a near-stoichiometric fcc Pt 3 Sn alloy phase along with a certain amount of the Pt (1 -x) Sn x solid solution. No evidence of the presence of SnO 2 phases was found by means of the XRD and EDS analysis. The content and dispersion of the fcc Pt 3 Sn phase depend on (i) the amount and concentration of SnEt 4 , (ii) the number of consecutive tin anchoring periods, and (iii) final T red applied in step II. According to in situ XPS studies, H 2 pre-treatment at 350°C resulted in complete reduction of tin to Sn 0 . These results demonstrate effectiveness of CSRs in the exclusive formation of Sn-Pt bimetallic nanoparticles.
The performance of the intermetallic SnPt/C catalysts in the CO and methanol electrooxidation reactions depends on Pt/Sn ratio, content of fcc Pt 3 Sn alloy phase and the size of bimetallic particles. It was demonstrated that a decrease of the [SnEt 4 ] concentration added per one period, accompanied with an increase of the number of consecutive anchoring period, resulted in an increase of the activity in both reactions. Remarkably, tin has a strong dilution effect of the platinum sites decreasing the number of Pt ensembles necessary for the methanol dehydrogenation to CO. As a consequence, the direct oxidation of methanol to CO 2 is promoted in the Sn-modified electrodes.
